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Abstract. We studied the molecular nature of the inter-
action between the integral membrane protein Sec63p
and the lumenal Hsp70 BiP to elucidate their role in the
process of precursor transit into the ER of Saccharomy-
ces cerevisiae. A lumenal stretch of Sec63p with homol-
ogy to the Escherichia coli protein Dnal is the likely re-
gion of interface between Sec63p and BiP. This
domain, purified as a fusion protein (63Jp) with glu-
tathione S—transferase (GST), mediated a stable ATP-
dependent binding interaction between 63Jp and BiP
and stimulated the ATPase activity of BiP. The interac-
tion was highly selective because only BiP was retained
on immobilized 63Jp when detergent-solubilized mi-

crosomes were mixed with ATP and the fusion protein.
GST alone was inactive in these assays. Additionally, a
GST fusion containing a point mutation in the lumenal
domain of Sec63p did not interact with BiP. Finally, we
found that the soluble Sec63p lumenal domain inhib-
ited efficient precursor import into proteoliposomes re-
constituted so as to incorporate both BiP and the fusion
protein. We conclude that the lumenal domain of
Sec63p is sufficient to mediate enzymatic interaction
with BiP and that this interaction positioned at the
translocation apparatus or translocon at the lumenal
face of the ER is vital for protein translocation into
the ER.

erones in the cytosol and ER lumen are involved in
polypeptide translocation across the ER membrane
(for recent reviews on ER translocation see Corsi and
Schekman, 1996; Rapoport et al., 1996; Romisch and Corsi,
1996). Molecular chaperones function in a variety of cellu-
lar processes by binding unfolded proteins and preventing
protein aggregation (Gething and Sambrook, 1992). The
ER lumenal protein BiP is a molecular chaperone of the
Hsp70 family involved in secretory protein translocation
into the ER. BiP is required for efficient import of precur-
sor proteins both in vivo (Vogel et al., 1990; Nguyen et al.,
1991) and in vitro (Sanders et al., 1992; Brodsky et al.,
1995). Mutations in KAR2, which codes for BiP, cause a
block early in translocation before the precursor reaches
the translocation pore (Miisch et al., 1992; Sanders et al.,
1992) and late in translocation when the precursor is com-
pleting transit through the pore (Sanders et al., 1992; Ly-
man and Schekman, 1995).
As with other Hsp70s, BiP appears to work with a part-
ner protein, Sec63p. In Escherichia coli, the Hsp70, DnaK,
functions with a partner protein, DnaJ. Families of both

IN the yeast Saccharomyces cerevisiae, molecular chap-
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DnaK and DnalJ homologues have been identified in sev-
eral eukaryotic cellular compartments, including the ER
(for review see Caplan et al., 1993; Cyr et al., 1994). Unlike
other Dnal-like proteins identified so far, which are solu-
ble or only peripherally attached to membranes (Caplan et
al., 1993; Cyr et al., 1994), Sec63p is an integral membrane
protein (Feldheim et al., 1992) spanning the ER mem-
brane three times with a protruding lumenal portion ho-
mologous to the J domain, the most highly conserved re-
gion of the DnaJ family (Sadler et al., 1989). Sec63p shares
43% identity with DnaJ over a span of 70 amino acids (Sa-
dler et al., 1989; Feldheim et al., 1992). A mutation in a
conserved residue (A179T) of this lumenal region of
SEC63 (sec63-1; Nelson et al., 1993) causes a defect in pre-
cursor translocation across the ER membrane (Rothblatt
et al., 1989). This mutation behaves like BiP mutations
blocking both early and late phases of translocation in
vitro (Sanders et al., 1992; Lyman and Schekman, 1995).
sec63-1 and certain kar2 alleles display synthetic lethality,
whereas mutations in the cytosolic domain of Sec63p
(sec63-101 and sec63-106; Nelson et al., 1993) show no
such effect (Scidmore et al., 1993). Additionally, dominant
mutations in KAR2 partially suppress the growth and
translocation defects of the lumenal sec63-/ mutation
(Scidmore et al., 1993). In vitro, these same dominant
KAR?2 mutations partially relieve the inability of the
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sec63-1 allele to support complete transit of the precursor
through the ER membrane pore (Lyman and Schekman,
1995). Together, these observations provide strong genetic
support for an interaction between the J domain of Sec63p
and BiP.

A complex of proteins from wild-type yeast membranes
has been isolated that includes BiP and Sec63p along with
Sec71p and Sec72p (Brodsky and Schekman, 1993), two
additional proteins of the translocation apparatus involved
in an early step of precursor transit (Feldheim et al., 1993;
Kurihara and Silver, 1993; Feldheim and Schekman, 1994;
Lyman and Schekman, 1997). This complex and the
Sec61p trimeric pore compose the minimal translocation
apparatus (or translocon) for in vitro reconstitution of
protein import in yeast (Panzner et al., 1995). BiP dissoci-
ates from the other members of the complex during isola-
tion of the translocon from sec63-1 membranes (Brodsky
and Schekman, 1993). Additionally, in the presence of the
nonhydrolyzable analog ATPyS during the last purifica-
tion step, a significant fraction of BiP dissociates from
Sec63p, Sec71p, and Sec72p, implying that BiP interaction
with Sec63p is regulated by ATP (Brodsky and Schekman,
1993).

Hsp70s bind and hydrolyze ATP at a site commonly lo-
cated in the conserved amino-terminal domain resulting in
a cycle of ATP hydrolysis that regulates the binding and
release of polypeptides at the carboxy-terminal peptide
binding domain of the chaperone (for review see Hartl,
1996). The ATPase activity of a number of Hsp70 homo-
logues appears to be regulated by partner proteins often
referred to as Hsp40 molecules (Cyr et al., 1994; Rassow et
al., 1995). In E. coli, the low intrinsic ATP hydrolysis rate
of the Hsp70, DnaK, is stimulated by interaction with its
partner protein the Hsp40, DnalJ (Liberek et al., 1991).
The stimulation of the ATPase activity of BiP in the ER
lumen by a DnalJ homologue located at the membrane
would provide an explanation for selective recruitment of
BiP to the translocation apparatus in a cycle of ATP hy-
drolysis.

Neither the molecular determinants of the interaction
between Sec63p and BiP nor the effect of Sec63p on the
enzymatic activity of BiP is known. To address these issues
directly, we constructed a fusion protein with glutathione
S-transferase (GST)! and a portion of the lumenal domain
of Sec63p (63Jp), as well as a similar fusion protein with
the lumenal domain containing the sec63-1 point mutation
(63-1Jp). The 78 amino acids of Sec63p that correspond to
the region of homology to Dnal and the following 23
amino acids of Sec63p up to the third transmembrane domain
were joined to the carboxy terminus of GST. The region
downstream of the J domain in Dnal, the glycine/phenyl-
alanine-rich domain, is also required to stimulate the ATPase
activity of DnaK (Wall et al., 1994; Karzai and McMacken,
1996; Szabo et al., 1996). Although the corresponding re-
gion of Sec63p was not noticeably glycine/phenylalanine
rich, the additional amino acids could be important for in-

1. Abbreviations used in this paper: 63]p, fusion protein of Sec63p lumenal
domain and GST; 63-1p, 63Jp with sec63-1 mutation; AEBSF, 4-(2-amino-
ethyl)-benzenesulfonylfluoride, HCI; GST, glutathione S—transferase; paF
and ppaF, pro—a-factor and prepro—a-factor.
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teraction of the Sec63p lumenal domain with BiP, and thus
they were included in our constructs. We discovered that
the Sec63p lumenal domain was sufficient to provide spe-
cific interaction with BiP and stimulated ATP hydrolysis
by BiP. All together, our in vitro studies indicated that the
recruitment of BiP to the translocation apparatus through
enzymatic interaction with the lumenal domain of Sec63p is
necessary for secretory precursor translocation into the ER.

Materials and Methods

Sec63p Lumenal Domain Fusions

Plasmid pGST/63J was made by PCR amplification of pDF41 (Feldheim
et al., 1992), which contains the entire coding region of Sec63p. The J do-
main and the carboxy-terminal DNA sequences that precede the third trans-
membrane Sec63p domain were amplified by PCR according to the Strat-
agene (La Jolla, CA) protocol for Pfu Polymerase using the 5" PCR primer,
5'-CGCGGGGATCCCCACAAAATTATTTGATCCTTA-3', and the 3’
PCR primer, 5'-CGCGGAATTCTCAGTGGTGGTGGTGGTGGTGTG-
GAGATGCACTTCCATC-3'. This PCR product made an in-frame fu-
sion with GST in pGEX-3X (Pharmacia LKB Biotechnology, Inc., Piscat-
away, NJ) at restriction sites BamHI and EcoRI (underlined in the oligos)
and introduced six histidines (in italics) at the carboxy terminus just be-
fore the stop codon. The resulting plasmid expressed the following chi-
meric protein (from amino to carboxy terminus): GST fused to the 78
amino acids of the Sec63p J domain plus the 23 successive amino acids of
Sec63p with a carboxy-terminal His*¢-tag.

Plasmid pGST/63-1J was constructed using the PCR primers described
above for pGST/63J. The PCR template was genomic DNA prepared
from the yeast strain RSY151 (MAT, sec63-1, ura3-52, leu2-3, -112, pep4-3;
Rothblatt et al., 1989) according to Hoffman and Winston (1987).

The fidelity of the PCR products generated for constructing pGST/63J,
pGST/63-1J, and pAC87-3 (described below) was verified by sequencing
the insert regions.

BiP-His* 4 tag

Full-length BiP without the signal sequence was placed into pRSETB (In-
Vitrogen, San Diego, CA) to provide an amino-terminal His*4 sequence
for affinity purification from E. coli. The recombinant plasmid, pAC87-3,
was made by PCR amplification of KAR?2 in two portions using pMR397
(Rose et al., 1989), which contains full-length KAR2 as template DNA.
The amino-terminal region of BiP was amplified beginning with the ala-
nine at amino acid position 43, which amino-terminal sequencing showed
to be the first amino acid in BiP purified from yeast. Amplification was
carried out with the 5’ primer, 5'-CCCGGATCCGGCCGATGATGT-
AGAAAA-3', and the 3’ primer, 5'-TTAGCGTCGACTGCAAATG-3".
The 5" primer contained a BamHI site (underlined) and the 3’ primer in-
troduced a Sall site (underlined) in KAR2, creating a single amino acid
change L524V due to changes introduced by the dNTPs indicated in ital-
ics. The carboxy-terminal portion of KAR2 was amplified with the 5’
primer, 5'-CATTTGCAGTCGACGCTAA-3', and 3’ primer, 5'-CCC-
CGGGCCC/ICAGCTGCTACAATTCGTCGTGTT-3'. Restriction sites
(underlined) introduced in the carboxy-terminal portion included Sall at
the 5" end and Pvull followed by Apal at the 3’ end. Each PCR product
was first cloned into pBluescript IT KS (pBS) (Stratagene) for sequencing.
The two halves of KAR2 were subcloned together into pBS by ligating a
BamHI/Sall fragment of the amino terminus into pBS containing the car-
boxy terminus, and then both halves were subcloned together into
pRSETB as a BamHI/Pvull fragment.

Purification of GST Fusion Proteins

The lumenal domain of Sec63p was purified from BL21(DE3) E. coli
(Studier et al., 1990) expressing pGST/63J. Cells (ODgy, 1.4) grown in LB
plus 100 wg/ml ampicillin at 20°C were induced with 0.2 mM isopropyl-1-
thio-B-p-galactopyranoside (IPTG) (Sigma Chemical Co., St. Louis, MO)
for 75 min. Cells were harvested, washed once in cold 20 mM Hepes, pH
6.8, 150 mM KOAc, 250 mM sorbitol, 2 mM EDTA, and protease inhibi-
tors (0.2 mM p-aminobenzamidine, 1 mM e-amino n-caproic acid, 0.1 mM
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4-[2-aminoethyl]-benzenesulfonylfluoride, HCl [AEBSF], and 1 mg/ml leu-
peptin, pepstatin-A, chymostatin, and aprotinin), and the cell pellet was
stored at —20°C. Subsequent steps were carried out at 4°C. Cells (~3 g/liter)
from 1 liter of culture for 63Jp and from 4 liters of culture for 63-1Jp were
then resuspended in 4 ml (per liter of cell pellet) of buffer A (PBS, pH 8, 2
mM EDTA, 2 mM B-mercaptoethanol, and protease inhibitors as de-
scribed above). Because the mutant fusion protein was less soluble, the
scale of this purification was increased fourfold. PMSF (1 mM) and 0.1%
Triton X-100 were added to the resuspended cells, which were then dis-
rupted with three 30-s bursts (interspersed with 30 s on ice) of sonication
using a microtip at 40 W with a Heat Systems Sonicator (Farmingdale,
NY). The lysate was centrifuged at 11,000 g (10 min), and the supernatant
fraction was subjected to further centrifugation at 100,000 g (30 min). The
high-speed supernatant was applied to a 0.5-ml glutathione agarose
(Sigma Chemical Co.) column equilibrated with buffer A. The column
was washed successively with 40 ml of buffer A, 25 ml of buffer A + 1 M
KCl and 0.1% Triton X-100, 50 ml of 50 mM Tris, pH 7.5, 2 mM ATP, 10
mM MgOAc,, 200 mM KOACc (this wash eluted contaminating DnaK),
and 20 ml buffer A without EDTA. Bound proteins were eluted succes-
sively with 10 ml of PBS, pH 8.0, 20 mM KP;, pH 7, 10 mM reduced glu-
tathione (Sigma Chemical Co.), 4 ml of 50 mM Tris, pH 8, 120 mM KOAc,
20 mM glutathione, and 2 ml 50 mM Tris, pH 8, 200 mM KOAc, 25 mM
glutathione, 0.1% Triton X-100. All fractions were pooled and applied to
a 0.5-ml Nickel-NTA agarose (QIAGEN, Inc., Chatsworth, CA) column
equilibrated with buffer B (50 mM Hepes, pH 6.8, 100 mM KOAc, 5 mM
MgOAc,, 5 mM imidazole, pH 7, 2 mM B-mercaptoethanol). The column
was washed with 25 ml of 20 mM Hepes, pH 6.8, 500 mM KOAc, 10 mM
MgOAc,, 60 mM imidazole, pH 7, followed by 15 ml of buffer C (20 mM
Hepes, pH 6.8, 50 mM KOAc, 5 mM MgOAc,, 50 mM imidazole, pH 7).
Purified fusion protein was eluted with buffer C containing 300 mM imi-
dazole, pH 7. Peak fractions, as determined by immunoblot, were pooled
and dialyzed into buffer 881K (20 mM Hepes, pH 6.8, 75 mM KOAc, 250
mM sorbitol, 5 mM MgOAc,, 10% glycerol) and frozen in small aliquots
in liquid nitrogen. Since the ratio of contaminants to fusion protein was
higher for the mutant fusion protein, we were unable to achieve as pure a
preparation of 63-1Jp as we obtained for 63Jp. Contaminating proteins in
the 63-1Jp did not interfere in our assays. The yield of 63Jp from 2,000
ODy of cells was ~750 pg and of 63-1Jp from 8,000 ODy, of cells was
~400 pg.

GST was purified according to the above protocol except that the
Nickel-NTA step was omitted. After elution from glutathione agarose, the
purified GST was dialyzed directly into buffer 88IK and frozen. The yield
of GST from 2,000 ODy, of cells was ~8 mg.

Purification of BiP

BL21 (DE3) E. coli cells expressing pAC87-3 were grown at 30°C in LB
plus 100 pg/ml ampicillin to ODgy, ~0.8, and BiP expression was induced
by adding IPTG to 1 mM. After 2.5 h of induction, cells were harvested
and washed once with water, and the cell pellet was stored at —20°C. Cell
pellets from 4 liters of culture were resuspended in buffer D (50 mM
Hepes, pH 6.8, 400 mM KOAc, 5 mM MgOAc,, 3.5 mM B-mercaptoetha-
nol, 2 mM imidazole, pH 7, plus protease inhibitors except AEBSF as de-
scribed for buffer A), and the lysate was prepared as for 63Jp above. Sub-
sequent steps were performed at 4°C. The cleared lysate was applied to a
1.5-ml Nickel-NTA agarose column and washed with 20 ml of buffer D, 50
ml of 20 mM Hepes, pH 6.8, 1 M KOAc, 0.1% Triton X-100, 10 mM imi-
dazole, pH 7, 5 mM MgOAc,, 3.5 mM B-mercaptoethanol, and 100 ml
buffer E (20 mM Hepes, pH 6.8, 250 mM KOAc, 25 mM imidazole, pH 7,
5 mM MgOAc,, 3.5 mM B-mercaptoethanol). Proteins were eluted with
buffer E containing a final concentration of 200 mM imidazole, pH 7. The
eluate was pooled and applied to a 1.5-ml Q-Sepharose fast flow (Pharma-
cia LKB Biotechnology, Inc.) column equilibrated with buffer F (20 mM
Hepes, pH 6.8, 375 mM KOAc, 5 mM MgOAc,, 3.5 mM B-mercaptoetha-
nol), and the column was washed with 30 ml of buffer F followed by 100
ml of buffer F + 400 mM KOAc. A highly purified fraction of BiP de-
tected by immunoblot was eluted from the column with 15 ml of buffer
F + 500 mM KOAc. The eluate was pooled and dialyzed against buffer G
(60 mM KP;, pH 7, 50 mM KOAc, 5 mM MgOAc,, 2 mM B-mercaptoeth-
anol). The dialysate was then passed over a 1-ml hydroxyapatite column
(Bernardi, 1971) equilibrated with buffer G and then washed with 40 ml
buffer G (80 mM KP; final concentration) followed by 10 ml buffer G (100
mM KP; final concentration). BiP was eluted with 5 ml of 400 mM KP;, pH
7,50 mM KOAc, 5 mM MgOAc,. The peak of protein, determined by im-
munoblot, was dialyzed against B88 (buffer 881K with 150 mM final con-
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centration KOAc) supplemented with 10% (wt/vol) glycerol, and aliquots
were frozen in liquid nitrogen. From 8,000 ODy of cells, we obtained 250
g of >95% pure BiP. Improved yields were obtained with similar results
in our assays if we pooled more column fractions at the expense of purity.

ATPase Assay

63Jp, 63-1Jp, or GST was added as indicated to purified BiP in 50-pl reac-
tions containing 50 mM Hepes, pH 6.8, 50 mM NaCl, 10 mM DTT, 2 mM
MgCl,, 100 uM ATP, and 0.5 wCi [y-*P]ATP (DuPont/NEN, Boston,
MA). All reactions were controlled for changes in buffer and salt concen-
trations due to increasing amounts of added proteins; K was adjusted to
20 mM in each assay. Incubations were carried out at 25 or 4°C. At 10-min
intervals, 1 pl from each reaction was spotted on polyethyleneimine cellu-
lose thin layer plates (Aldrich Chemical Co., Milwaukee, WI) and chro-
matographed according to Shlomai and Kornberg (1980). The percentage
of P; released (versus the total label added) was determined using a
Phosphorimager (Molecular Dynamics, Sunnyvale, CA).

BiP-binding Assay

Glutathione beads (immobilized on cross-linked 4% agarose) (Sigma
Chemical Co.) were equilibrated with binding buffer (20 mM Hepes, pH
6.8 [or 20 mM Tris, pH 8, as specified], 100 mM KCl, 5 mM MgCl,, 0.1%
NP-40, 2% [wt/vol] glycerol, 1 mM DTT, 0.2 mM AEBSF, and 1 mM
EDTA). Reactions contained 20 .l of a 50% suspension of glutathione
agarose. 63Jp, 63-1Jp, or GST (3 ng) was added to the beads, the volume
was increased to 50 wl with binding buffer, and tubes were rotated at 4°C
(1 h). Unbound proteins were collected by centrifugation at 3000 g (2 min)
at 4°C followed by two 50-pl washes with binding buffer. Purified BiP
(2 ng) and nucleotide as specified was then added in a final volume of 50
wl, and samples were rotated at 4°C (2 h). Unbound protein was collected
in a series of four 50-pl washes with binding buffer as above. Proteins re-
maining on the glutathione beads were solubilized in Laemmli sample
buffer, separated by SDS-PAGE, and visualized by staining with Coomassie
brilliant blue R-250 (BioRad Labs, Hercules, CA). The amount of BiP as-
sociated with 63Jp, 63-1Jp, or GST on the glutathione beads was deter-
mined by a comparison with a standard curve of purified BiP using the
software Imagequant v1.1 (Molecular Dynamics).

To determine the nucleotide-bound state of BiP associated with 63Jp,
we performed standard binding assays adding BiP to the 63Jp or GST glu-
tathione agarose affinity matrices described above with 50 pM ATP and
5 uCi [a-?P]ATP (DuPont/NEN). After a 75-min incubation at 4°C, the
radioactivity was observed in the unbound and wash fractions by spotting
1 pl of the bead supernatant to polyethyleneimine cellulose thin layer
plates. The BiP that remained bound to the 63Jp or GST matrix after
washing was solubilized in 2% SDS for 5 min at 95°C, and the supernatant
was also spotted on the thin layer chromotography plates. After chroma-
tography, we determined the nucleotide present in the supernatants in re-
lation to the mobility of nonradioactive ADP and ATP. Reactions con-
taining only nonradioactive ATP were incubated in parallel to observe by
SDS-PAGE the amount of BiP bound to the affinity matrices.

For binding of BiP from solubilized membranes, we used glutathione
agarose beads linked to GST fusion proteins as described above. Wild-
type membranes were solubilized in binding buffer containing 0.5% Tri-
ton X-100 (final concentration in reaction), and insoluble material was
centrifuged at 100,000 g (30 min). The supernatant was mixed with beads
in the presence or absence of 1 mM ATP. Binding reactions performed
with solubilized membranes were processed as above except that washes
included 0.5% Triton X-100, and SDS—-polyacrylamide gels were trans-
ferred to nitrocellulose and probed with BiP antibody (Rose et al., 1989)
followed by %1 protein A secondary antibody.

Reconstituted Proteoliposome Translocation Assay

Yeast microsomes were prepared from the strain MS137 (MATa, kar2-159,
ura 3-52, leu 2-3, -112, ade 2-101; Vogel et al., 1989) as described in Brod-
sky et al. (1993) based on the Rothblatt and Meyer protocol (1986). Pro-
teoliposomes were formed from a detergent lysate of the kar2-159 mem-
branes according to Brodsky and Schekman (1993) with the following
minor modifications: 160 wl of 100,000 g (30 min) supernatant fraction
from a 1-ml microsome solubilization reaction was mixed with 12.8 pg of
purified BiP and either 63Jp, 63-1Jp, GST, or buffer alone in the amounts
indicated. Prepro—a-factor (ppaF) translocation into proteoliposomes was
carried out as described in Brodsky and Schekman (1993).
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Results

Isolation of the Sec63p Lumenal Domain

Analysis of the biochemical interaction between Sec63p
and BiP has been complicated by the fact that Sec63p is an
integral membrane protein and is associated with other in-
tegral and peripheral membrane proteins (Brodsky and
Schekman, 1993; Panzner et al., 1995). Although previous
genetic (Scidmore et al., 1993) and biochemical (Brodsky
and Schekman, 1993) data indicated a direct interaction
between Sec63p and BiP, neither the precise region of in-
terface nor the effect of Sec63p on the enzymatic activity
of BiP has been characterized. To facilitate biochemical
studies on the interaction of BiP and the translocon, we
isolated the lumenal domain of Sec63p as a GST fusion.
We constructed a plasmid that encoded a GST fusion pro-
tein (63Jp) containing 101 residues beginning with the first
amino acid in Sec63p that corresponds to the start of ho-
mology to the amino terminus of Dnal (Sadler et al., 1989;
Feldheim et al., 1992) and continuing up to the third trans-
membrane domain of Sec63p (Fig. 1 A). To assess the
specificity of the Sec63p lumenal domain interaction with
BiP, we also constructed a parallel GST fusion protein (63-
1Jp) containing the single amino acid change (A179T) re-
sulting in the J domain mutation known as sec63-1 (Nelson
et al., 1993) (Fig. 1 A). E. coli strains harboring the pGST/
63J and pGST/63-1J plasmids were used to express the fu-
sion proteins for purification (see Materials and Methods).
Fractions from the two affinity column purification steps
(glutathione agarose and Nickel-NTA agarose) containing
the peak of protein are shown in Fig. 1 B. As a negative
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control in our experiments, GST alone was purified using
only the glutathione agarose step (not shown).

The Lumenal Domain of Sec63p Stimulates the ATPase
Activity of BiP

One of the hallmark interactions of the DnaK-Dnal part-
nership is the ability of DnalJ to stimulate the low intrinsic
ATPase activity of DnaK (for review see Rassow et al.,
1995). In yeast cytosol, it has been shown that the Dnal-
like protein, Ydjlp, stimulates the ATPase activity of the
DnaK homologue, Ssalp (Cyr et al., 1992). We analyzed
the effect of 63Jp on the ATPase activity of yeast BiP that
was overexpressed and purified from E. coli. Using our as-
say conditions, the ATPase specific activity of BiP was 2-5
pmol/min/pg. We found that 63Jp reproducibly stimulated
the ATPase activity of BiP up to fivefold (Fig. 2). This
stimulation was specific to the Sec63p portion of the 63Jp
fusion, as GST alone did not stimulate BiP (Fig. 2). Maxi-
mum stimulation depended on a functional J domain be-
cause the 63-1Jp fusion, which bears a lesion in the J do-
main, did not increase BiP activity (Fig. 2). Although
results varied among preparations, 63-1Jp showed from
zero- to twofold stimulation at 25°C. In the instances
where stimulation by 63-1Jp occurred at 25°C, no stimula-
tion was observed at 37°C, whereas 63Jp stimulated five-
fold at 25°C (Fig. 2) and two- to threefold at 37°C (data not
shown). Neither 63Jp, 63-1Jp, nor GST alone exhibited
any detectable ATPase activity (data not shown). We con-
clude that an intact lumenal domain of Sec63p interacts
functionally to stimulate ATP hydrolysis by BiP and that
the amino acids of the J domain are important for this ac-
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Figure 1. Construction and purification of the GST-Sec63p lumenal domain fusion protein. (A) The topology of Sec63p in the ER
membrane is shown schematically according to Feldheim et al. (1992). The bottom portion of A depicts GST fused to either a wild-type
Sec63p lumenal region (63Jp) or a mutant Sec63-1p lumenal region (63-1Jp) containing the A179T mutation found in sec63-1 (Nelson et
al., 1993). (B) Fusions were purified as described in Materials and Methods. The peak fractions from the glutathione agarose and Ni2*-
NTA agarose columns are shown on 12.5% SDS-polyacrylamide gels stained with Coomassie brilliant blue R-250.
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Figure 2. The Sec63p lumenal domain stimulates the ATPase of
BiP. BiP (0.7 pg) was incubated at 25°C, pH 6.8, with increasing
amounts of the Sec63p lumenal domain (63Jp) or the Sec63-1p
lumenal domain (63-1Jp) fused to GST, or with GST alone. ATP
hydrolysis (%) was measured by quantifying the percentage of
3P, released from [y-**P]ATP. All points reported represent 20
min of incubation at 25°C, which was determined to be in the lin-
ear range of the reactions.

tivity because substitution at an invariant residue abol-
ishes activity.

The Lumenal Domain of Sec63p Stably Interacts
with BiP

Previous data (Brodsky and Schekman, 1993) suggested
that interaction between BiP and Sec63p is mediated by

A B

the lumenal domain of Sec63p. However, the complex iso-
lated in these experiments included several other proteins
of the ER translocon, and it is not known if the lumenal
domain of Sec63p is sufficient for the interaction to occur.
To address this question, we examined BiP binding to the
GST-Sec63p fusion protein complexed with glutathione
beads. Purified BiP was incubated at 4°C with the 63Jp af-
finity matrix, and any unbound BiP was washed away. Pro-
teins dissociated from the agarose beads by treatment with
sample buffer containing SDS were analyzed by SDS-
PAGE. Fig. 3 A shows that upon incubation with 1 mM
ATP at pH 6.8, a fraction of purified BiP associated with
the 63Jp beads. We determined that 0.2 ug of BiP was as-
sociated per pg of 63Jp (Fig. 3 B). However, we were not able
to calculate a true binding constant because of the uncer-
tain fraction of immobilized 63Jp available and competent
for binding to BiP. Fig. 3, A and B, shows that only 0.005
g of BiP binds to the 63-1Jp matrix, whereas virtually no BiP
was found associated with the GST matrix. Thus, as in the
ATPase assays, BiP interacts only with an intact J sequence.

These initial binding experiments were conducted in the
presence of 1 mM ATP (a saturating amount; data not
shown) to approximate cellular conditions. However, the
average K, (ATP) value for Hsp70s is <1 pM (McKay et
al., 1994). To investigate the nucleotide requirements for
binding of BiP to 63Jp, we assayed binding at lowered
ATP levels as well as in the presence of ADP or the non-
hydrolyzable analogues ATPyS and AMP-PNP. Fig. 4 A,
lane 2, shows that a 10-fold decrease in ATP (100 pM) re-
sulted reproducibly in less than a twofold decrease in BiP
binding to 63Jp. No detectable binding occurred in the ab-
sence of nucleotide (Fig. 4 A, lane 7) or in the presence of
the nonhydrolyzable analogues, ATPyS or AMP-PNP
(Fig. 4 A, lanes 5 and 6). To rule out the possibility that
ATPyS and AMP-PNP did not bind to BiP, we mixed
ATP with the analogues and found that each inhibited
BiP-63Jp binding. Fig. 4 A, lanes 9-12, shows that 1 mM

Figure 3. BiP binds to the lu-
menal domain of Sec63p. (A)
Glutathione agarose beads
were first incubated with the
proteins indicated at the top
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of the lanes and second with
purified BiP in 1 mM ATP at
pH 6.8. Beads were then
washed as described in Mate-
rials and Methods, and the fi-
nal eluate was resolved on a
12.5% SDS-polyacrylamide
gel that was stained with
Coomassie brilliant blue R-250.
Molecular mass markers (in
kD) are indicated at left. (B)
BiP was quantified by com-
paring the signal shown with
known amounts (not shown)
using a scanner (model Scan-
MakerllI; Microtek, Redondo
Beach, CA) and Imagequant
v1.1 software (Molecular Dy-
namics).

63-1Jp  GST
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Figure 4. The association of BiP and the Sec63p lumenal domain depends on the presence of hydrolyzable ATP. Binding reactions us-
ing 63Jp glutathione agarose beads were performed as in Fig. 3. (A) Final concentration of nucleotide in the reaction is indicated. The
entire binding reaction depicted in lane 8 was done in the absence of Mg?* plus 10 mM EDTA. (B) Bound nucleotides associated with
glutathione beads (bound to either 63Jp or GST as indicated above the lanes) in the presence (+) or absence (—) of BiP after washing
the beads were visualized by thin layer chromatography and a Phosphorimager.

ATP~S reduced BiP binding in the presence of 1 mM ATP
and 0.1 mM ATP by 2.8 and 16 times, respectively,
whereas 1 mM AMP-PNP inhibited 1.8 and 3.4 times, re-
spectively. The omission of Mg?* from the binding buffer
substantially reduced (approximately sevenfold) the amount
of BiP bound to the 63Jp affinity matrix (Fig. 4 A, lane 8).
ADP afforded a low level of BiP binding (Fig. 4 A, lanes 3
and 4), which we attributed to a low level of contamination
by ATP (0.6% in the Sigma ADP preparation). Taken to-
gether, these results indicate that ATP hydrolysis is neces-
sary for BiP to bind to the lumenal region of Sec63p.
Readily measurable ATP hydrolysis accompanied binding
of BiP to 63Jp. Standard ATPase assays conducted at the
binding temperature (4°C) reduced the rate of 63Jp-stimu-
lated BiP activity by fivefold in comparison to the rate at 25°C
(data not shown). To detect ADP remaining bound to the
BiP-63Jp complex, we included [a-*?P]ATP in a binding re-
action. Significant levels of ADP were associated with gluta-
thione beads only in the presence of both 63Jp and BiP
(Fig. 4 B). In an average of four experiments, ADP in the
BiP + 63Jp lane was approximately nine times above back-
ground in the GST + BiP control. ATP bound nonspecifically
to both 63Jp and GST (with or without BiP) affinity matrices.
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Next, we examined the specificity with which the Sec63p
lumenal domain recruits BiP from solubilized crude yeast
membranes. The 63Jp affinity matrix was mixed with a
yeast microsomal fraction that had been solubilized with
Triton X-100. This experiment, shown in Fig. 5, demon-
strated that 63Jp selectively bound BiP from a large pool
of microsomal protein, and this binding required ATP.
Most of the solubilized ER proteins were recovered in the
flow through fraction (Fig. 5, lane FT), and only two prom-
inent proteins remained on the washed beads (Fig. 5, lane
B, +ATP). The appearance of the lower mobility band,
identified by immunoblot shown in the bottom panel of
Fig. 5 as BiP, depended on the presence of ATP, whereas
the higher mobility band, identified as 63Jp, remained
when ATP was omitted (Fig. 5, lane B, —ATP). 63-1Jp dis-
played a conditional defect in binding BiP from solubilized
microsomes. The experiment in Fig. 6 showed that 63-1Jp
bound to yeast microsomal BiP at a neutral pH of 6.8 but
not at pH 8.0. Binding of BiP to 63Jp was decreased only
marginally at pH 8.0. We interpret these results to mean
that in our in vitro binding conditions, BiP is the major ER
protein that can associate with 63Jp and that 63-1Jp has re-
duced but significant binding ability.
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To explore the role of the lumenal domain in the context
of the intact Sec63p, we performed reconstituted translo-
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Figure 5. BiP solubilized
from yeast microsomes
binds to 63Jp in an ATP-
dependent manner. Soluble
proteins from microsomes
solubilized with Triton X-100
were mixed with a glu-
tathione agarose 63Jp affin-
ity matrix either with 1 mM
ATP (+ ATP) or no ATP (—
ATP) added. Binding reac-
tions were at pH 6.8. The top
panel is a 12.5% SDS-poly-
acrylamide gel stained with
Coomassie  brilliant  blue
R-250. Molecular mass mark-
ers (in kD) are on the left. P,
insoluble microsomal pro-
teins (pellet); FT, proteins
not bound to affinity matrix
(flow through); W, wash frac-
tions; B, proteins still bound
to beads after washing. The
bottom panel is the region
between 97 and 66 kD of an
immunoblot probed with
anti-BiP antibody.

cation reactions using proteoliposomes containing 63Jp.
Two alternatives were considered to anticipate the influ-
ence of the soluble Sec63p lumenal domain on transloca-
tion into proteoliposomes. If Sec63p functions principally
to regulate the ATPase activity of BiP, then the kinetics of

-4— BiP

GST
Fusion

B

% BiP Bound

63Jp

63-1Jp 63Jp 63-1Jp

pH 6.8 pH 8.0

Figure 6. 63]p binds selectively to BiP from detergent-solubilized microsomal membranes, and 63-1Jp associates with BiP from yeast
microsomes in a pH-dependent manner. (A) 63Jp or 63-1Jp bound to glutathione agarose beads was incubated with solubilized proteins
from a Triton X-100 detergent extract of wild-type yeast membranes in the presence of 1 mM ATP. The entire binding reaction was car-
ried out at pH 6.8 or 8.0, as indicated. Protein profiles are shown on a 12.5% SDS—polyacrylamide gel stained with Coomassie brilliant
blue R-250. All fractions are shown for 63Jp binding at pH 6.8; for the other conditions, only the eluate from the beads is shown. Molec-
ular mass markers (in kD) are indicated on the left. L, microsomal detergent extract added to glutathione agarose beads; FT, protein not
bound to beads after incubation with detergent lysate; W, material washed off the beads using binding buffer; B, proteins bound to glu-
tathione agarose beads after washes. (B) To quantify the amount of BiP binding from the microsomal extracts, eluate fractions of bind-
ing assays were blotted to nitrocellulose and probed with anti-BiP antibody followed by '*’I-protein A secondary antibody. The amount
of BiP present in the eluate was then compared to a dilution series of the Triton X-100 extracts used in the experiment (not shown) to
determine the percentage of BiP bound.
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import and perhaps the absolute level of import into pro-
teoliposomes would be stimulated by 63Jp. Alternatively,
if Sec63p registers BiP at the Sec61p channel, 63Jp in the
proteoliposome may remove BiP from the vicinity of the
translocon. To distinguish between these possibilities, we
made proteoliposomes from kar2-159 membranes, which
do not support translocation of ppaF unless exogenous
wild-type BiP is included during the dialysis step used to
reconstitute functional vesicles. Translocation was as-
sessed by the appearance of protease-protected, signal-
sequence cleaved pro-a-factor (paF) (Fig. 7 A). When
BiP was added to kar2-159 proteoliposomes to a final con-
centration of 8% of total protein, 12% of the precursor
ppoF was translocated (Fig. 7 B). In addition to BiP, when
63Jp was added in the experiment to 0.75 and 1.5% of the
total protein concentration (0.5X 63Jp and 1X 63]p, re-
spectively), ppaF translocation was decreased by approxi-
mately four- and ninefold, respectively (Fig. 7, A and B).
In contrast, when the same amount of 63-1Jp or GST was
added to proteoliposomes along with BiP, no striking inhi-
bition of ppaF translocation was observed (Fig. 7, A and
B, right portions of the gel and graph). These data reveal
that the Sec63p lumenal domain competes with the intact
Sec63p in the membrane to sequester BiP from the trans-
locon, thus impairing the ability of BiP to support translo-
cation.

A

BiP — + -+
Additions — —

+
0.5X63Jp 1X63Jp 1X63-1Jp

Discussion

A number of studies have indicated that interaction of the
DnalJ homologue Sec63p with the Hsp70 BiP is required
for the translocation of secretory precursors across the ER
membrane in S. cerevisiae. To facilitate analysis of the BiP
and Sec63p interaction, we created a fusion of the lumenal
domain of Sec63p to GST (63Jp) and purified this fusion
protein for functional assays. We found that the lumenal
domain of Sec63p is sufficient to mediate stable interac-
tion between Sec63p and BiP as well as to stimulate the
low intrinsic ATPase activity of BiP. In a posttranslational
import reaction dependent on exogenously added BiP, the
addition of the soluble Sec63p lumenal domain inhibited
translocation, presumably by titrating the BiP away from
the full-length Sec63p in the translocation apparatus. The
ability of the lumenal domain to interact with BiP, stimu-
late its ATPase activity, and act as an inhibitor of translo-
cation all depended on the wild-type sequences of the J
domain. A point mutation in a conserved residue of this
domain rendered 63-1Jp ineffective in these assays. Al-
though the importance of the additional 23 amino acids of
Sec63p (Fig. 1 A) included in our fusion proteins was not
rigorously tested here, our data support Karzai and Mc-
Macken’s (1996) hypothesis that any unstructured and
flexible (though not necessarily glycine/phenylalanine-
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translocation. (A) Proteoli-
posomes were made from
kar2-159 microsomes with or
without BiP added to 8% of
total protein (12.8 pg). As in-
dicated, in addition to BiP
some proteoliposomes con-
tained 63Jp added to 0.75%
of total protein (0.5X; 1.2 ug)
or either 63Jp, 63-1Jp, or
GST added to 1.5% of total
protein (1X; 2.4 pg). Trans-
location was assayed using
[}3S]methionine-labeled ppaF
as a substrate. Aliquots from
the translocation reactions
were untreated (lane 1),
treated with trypsin (lane 2),
or treated with trypsin plus
Triton X-100 (lane 3) and re-
solved on a 10% SDS-poly-
acrylamide gel. Translocation
efficiency was determined
using a Phosphorimager to
calculate (pof [lane 2] — paf
[lane 3])/(paf + ppaF [lane
1]). Quantification is reported
in B.
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rich) region adjacent to a J domain will promote DnaK-
Dnal interactions.

Previous data from Brodsky and Schekman (1993) sug-
gested that the interaction between BiP and Sec63p re-
quires the presence of hydrolyzable ATP. We found that
ATP was essential for stable association of BiP with the
Sec63p lumenal domain (Figs. 4 A and 5). Our experi-
ments suggest that BiP binds to ATP (depicted in model;
Fig. 8, step 1) and interaction with the Sec63p lumenal do-
main stimulates hydrolysis, producing a complex that re-
tains BiP in the ADP-bound form (Fig. 8, step 2). Several
observations confirm that BiP and 63Jp represent a DnaK—
Dnal analogue rather than an Hsp70-unfolded protein
complex. First, our finding that ATP stimulates whereas
ATP analogues inhibit binding of BiP to 63Jp mirrors the
findings of Wawrzynéw and Zylicz (1995), who observed
that DnaK-DnaJ complex formation is stimulated by ATP
and inhibited by nonhydrolyzable ATP analogues, whereas
DnaK-protein substrate complex formation is inhibited by
ATP and stimulated by ATP analogues. Second, the ob-
servation that a point mutation in an invariant amino acid
in the J domain of Sec63p abolished or destabilized bind-
ing indicates a requirement for specific amino acids as op-
posed to an unfolded region of a protein for a BiP-63Jp in-
teraction. Recent results reported by Holstein et al. (1996)
show a similar situation in mammalian cells in the interac-
tion of the Dnal-like protein auxilin and the cytosolic
hsc70 that dissociates clathrin-coated vesicles. Holstein
and colleagues observe that a GST fusion protein contain-
ing auxilin’s carboxy-terminal J domain requires hydrolyz-
able ATP to bind to hsc70, and hsc70, once bound to the
auxilin, is bound to ADP and P;. The physical interaction

Cytosol /\SECBBF);

between DnaK-Dnal proteins, therefore, seems likely to
occur by a universal mechanism.

An alternative explanation for the nucleotide require-
ment in our binding assay is that ATP is required to change
the oligomeric state of BiP. ATP could create BiP mono-
mers that would be competent to bind to 63Jp rather than to
directly affect BiP association with 63Jp. Both Gao et al.
(1996) and Benaroudj et al. (1996) have observed that
ATP converts cytosolic Hsc70 from oligomers to mono-
mers. We evaluated our purified BiP on native gels ac-
cording to the protocol described by Freiden et al. (1992).
The preparation appeared to be composed almost exclu-
sively of monomers, and incubation with either ATP or
ATP~S before loading BiP on the native gel did not alter
its mobility (data not shown). Thus, the formation of a
BiP-63Jp complex in our experiments seems unlikely to
rely on ATP-dependent destabilization of BiP oligomers.

Our results indicate that the interaction between Sec63p
and BiP is direct, although the dynamics of the interaction
may be modulated by other components of the transloca-
tion apparatus. As previously suggested by Brodsky and
Schekman (1993), after hydrolyzing ATP, BiP in the
ADP-bound form is likely to be anchored to Sec63p near
the translocation complex when precursors begin their
transit through the pore (Fig. 8, step 2). This prediction is
supported by our observation that [a-*?P]ADP is retained
in the BiP-63Jp complex. Secretory precursor binding to
the cytosolic face of the translocon may induce transmem-
brane structural changes in Sec63p that influence lumenal
domain interaction with BiP. Conversely, BiP and ATP
cause secretory precursors to disengage from several
translocon subunits on the cytosolic face of the ER in

Figure 8. A model for the in-
teraction between Sec63p
and BiP in posttranslational
translocation across the ER
membrane. (/) Our experi-
ments suggest that BiP is re-
cruited to the translocation
apparatus by the lumenal do-
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main of Sec63p. (2) The lu-
menal domain of Sec63p
stimulates ATP hydrolysis by
BiP to promote stable bind-
ing of BiP to the translocon.
BiP may continue to associ-
ate with Sec63p while bind-
ing to the unfolded precursor
protein emerging from the
Sec61p pore. (3) The precur-

BraES sor or an unidentified protein

Protein X7 then would catalyze nucle-
ADP otide exchange in the ATP
binding site of BiP, allowing
BiP to undergo another cycle
of interaction with Sec63p.
This model does not include
other precursor interactions
with ER chaperones that
may execute final secretory
protein folding.

Precursor

ATP
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preparation for transport through the Sec61p channel (Ly-
man and Schekman, 1997) and may do so by causing struc-
tural changes in the cytosolic portion of Sec63p or other
translocon subunits. When the precursor protein emerges
on the lumenal side of the ER membrane, the ADP-bound
form of BiP may stably bind the exposed hydrophobic re-
gions of unfolded polypeptides (Fig. 8, step 2) as observed
for ADP-bound DnaK (Palleros et al., 1994). In analogy to
the Hsp70 Ssalp in the yeast cytosol (Zeigelhoffer et al.,
1995) or mammalian cytosolic Hsp70 (Sadis and Hightower,
1992), the unfolded precursor protein may accelerate ATP-
ADP exchange. Alternatively, an as yet unidentified pro-
tein, acting like GrpE, which enhances nucleotide exchange
on DnaK in E. coli (Liberek et al., 1991), may be responsi-
ble for nucleotide exchange in the ATP binding site of BiP
in the lumen. Once BiP is bound to ATP, it may release
the unfolded region of the secretory precursor and be free
to interact again with Sec63p (Fig. 8, step 3). The coopera-
tion of BiP and Sec63p in the successive binding and re-
lease of precursor is consistent with a “translocation mo-
tor” mechanism in which the precursor is pulled through
the translocation pore. Such a model has previously been
proposed to explain the import of mitochondrial proteins,
invoking mitochondrial Hsp70 as the motor that interacts
with the peripherally associated inner matrix membrane
protein Tim44 (which has very limited homology to Dnal)
(for review see Glick, 1995; for comparison between ER
and mitochondrial Hsp70s in protein import see Brodsky,
1996).

Our results are in accord with the suggestion that
Sec63p acts as an anchor to localize BiP to the site of
translocation (Brodsky and Schekman, 1994) and imply
that Sec63p plays an important role in regulating the dynam-
ics of BiP with the translocon by regulating ATP hydrolysis.
The sec63-1 allele, which destabilizes interaction between
Sec63p and BiP (Brodsky and Schekman, 1993), is defec-
tive for translocation in vivo and in vitro (Rothblatt et al.,
1989) and is unable to support the complete passage of a
precursor protein out of the translocation pore and into
the lumen (Lyman and Schekman, 1995). The Sec63-1p
mutant protein is labile or deficient both for binding of
BiP and for stimulation of ATPase activity (Figs. 2, 3, and
6). We found that although 63-1Jp did not bind apprecia-
bly to purified BiP, 63-1Jp bound a fraction of BiP from
detergent-solubilized membranes at neutral pH (6.8), but
not at pH 8.0 (Fig. 5). Thus, at least at neutral pH, the mu-
tant fusion protein retains some native structure. The mu-
tant protein is essentially inactive in stimulating the ATPase
activity of BiP (Fig. 2); therefore, it is unlikely to mimic
the effect of unfolded proteins, which increase ATP hy-
drolysis by BiP (Flynn et al., 1989, 1991; Blond-Elguindi et
al., 1993).

The reason for the distinction between BiP from crude
membranes and pure BiP in regard to binding 63-1Jp is
not obvious. Differences between native and bacterially
expressed BiP have been reported (Blond-Elguindi et al.,
1993). However, Wei and Hendershot (1995) found that
both hamster BiP and bacterially expressed BiP behave
identically with respect to oligomeric state, protease diges-
tion patterns, and ATPase properties. Perhaps the pres-
ence of full-length Sec63p in the detergent extract stabi-
lizes the interaction by converting BiP to the ADP-bound
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form, which may then bind to 63-1Jp. This possibility
seems unlikely because BiP from wild-type and sec63-1
membranes bound 63-1Jp equally well at pH 6.8 (data not
shown). Possibly, other proteins that stabilize a labile in-
teraction between BiP and 63-1Jp are present in the mi-
crosomal detergent extract.

The ER lumen contains another DnaJ homologue, Scjlp
(Schlenstedt et al., 1995), and another Hsp70 protein,
Lhslp (Craven et al., 1996); however, unlike Sec63p and
BiP, Scjlp and Lhslp are dispensable. Schlenstedt et al.
(1995) demonstrated that the Sec63p lumenal domain can
be replaced with the corresponding region of Scjlp in vivo,
indicating that the lumenal domain may be an inter-
changeable module that is dependent on its context in the
protein for specificity. How Sec63p and BiP may cooper-
ate with Scjlp and Lhslp to support translocation or assist
with protein folding remains unexplored.

The lumenal domain of Sec63p may directly recruit por-
tions of a translocating polypeptide that emerge on the lu-
menal surface of the ER. Dnal binds denatured polypep-
tides (Langer et al., 1992; Wawrzynéw et al., 1995; Szabo
et al., 1996), and both Dnal and a yeast cytosolic homo-
logue Ydjlp prevent protein aggregation (Langer et al.,
1992; Cyr, 1995). Precursors artificially blocked in transit
can be cross-linked to BiP (Miisch et al., 1992; Sanders et
al., 1992). However, the orientation of the cross-linked
BiP, e.g., bound to Sec63p or free in the lumen, is not
known. Binding reactions with the intact translocon, or
with subcomplexes of proteins in the translocation appara-
tus, and denatured precursor may address the location of
the translocating precursor in relation to BiP and the
Sec63p lumenal domain.
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